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ABSTRACT 


The research described in this thesis is the fourth 
such series of tests in a program initiated at the 
University of Alberta to study the behaviour of Prestressed 
Concrete tee beams containing large web openings. The 
experimental phase was carried out in the I. F. Morrison 
Structural Engineering Laboratory at the University of 


Alberta under the supervision of Dr. J. Warwaruk. 


The present test series consisted of twelve 
Prestressed Concrete tee beams with large circular web 
openings, loaded to failure with two symmetrically placed 
point loads. All beams were 20 inches deep with a 20-inch 
flange and were prestressed with five prestressing strands 


of 3/8-inch diameter. 


The major variables were; the amount and 
arrangement of shear reinforcement, the size and spacing of 


the web openings, and the positions of the load points. 


Although further study is required to develop a 
rational design procedure for such beams, it was concluded 
that the most critical factor is the provision of adequate 
shear reinforcement across the minimum sections above and 
below the circular openings. Nominal reinforcement in the 
posts between holes seemed sufficient to avoid failure in 


those regions. 
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CHAPTER I 


INTRODUCTION 


In building construction, the reduction in floor 
thickness made possible by passing building services through 
floor—beams, rather than under them, can cause a Significant 
reduction in construction and maintenance costs, by reducing 
the total building height and volume. this is often 
accomplished using open-web steel joists or expanded-web 
steel girders. In concrete construction, the same effect can 
be achieved by either allowing the cutting of web openings 
by those involved in the installation of services which is a 
dangerous practise, or by designing beams containing web 


openings. 


At the present time, however, there is not suf- 
ficient information available to allow an engineer to design 
such beams with any confidence in both their safety and 
economy. With the long-range goal of contributing to the 
development of design procedures, an experimental program 
was initiated at the University of Alberta to study the 
behaviour of prestressed concrete tee beams containing large 
web openings. The first part of the program was Sauve's 
study19) of prestressed concrete tee beams containing 
rectangular web openings and various arrangements of longi- 
tudinal and vertical shear reinforcement. Le Blanc‘¢3) 


continued with similar test beams, also varying the hole 
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Shape, the prestress force, and the slope of the shear rein- 
forcement. Finally, lLinder“‘*) examined in more detail the 
effects of these variables, introduced further variations of 


shear reinforcement, and also varied hole size. 


The present series shifts the focus from 
rectangular and parallelogram shaped openings to circular 
ones. The variables of principal concern were arrangement of 
Shear reinforcement and loading configuration, although the 
effects of varying hole size and spacing were also briefly 


considered. 


Twelve beams were tested, the results being 
recorded in the form of Demec strain gauge readings, 
electrical resistance strain gauge readings, and deflection 
readings. In addition, photographs were taken of the beams 
at various loading stages to record cracking patterns and 


failure modes. 
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CHAPTER II 


REVIEW OF PREVIOUS WORK 


The use of concrete members with large web openings 
is much less widespread than the use of open-web steel 
joists and other truss-type steel structures. In order to 
enable concrete to provide a better alternative than it has 
in the past, economical and reliable design procedures must 
be developed. To this end a limited amount of research has 
been done which suggests that such an alternative may be 


viable, but requires further research. 


2.1 Prestressed Concrete Tee Beams with Large Web Openings 


Sauve(to) conducted tests in the Structural 
Engineering Laboratory of the University of Alberta on nine 
prestressed concrete tee beams with rectangular web 
Openings. This program investigated nine 24 foot model beams 
tested under two point loads at various spacings. Other 
variables included: vertical shear reinforcement, as well as 
longitudinal reinforcement and supplementary lower web shear 


reinforcement. 


Some observations and conclusions from this program 

were; 
a) Prestressed concrete tee beams containing large web 
openings cannot be designed for flexure using the ACI Code's 


minimum shear reinforcement conditions, even though the 
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actual ultimate shear capacity obtained could far exceed 
that designed for flexure. 

b) Any additional shear reinforcement provided, served 
to increase the load carrying capacity of a beam containing 
large web openings by an amount ranging from 15% to 22%. 

c) Additional shear reinforcement also confined 
failure to a location where there was an abrupt change in 
cross-sectional area of concrete. 

d) An amount of vertical reinforcement, placed in the 
posts, gave these posts the capacity required to cause a 
localizing of the failure in the lower web, if this web had 
no vertical reinforcement. However, placement of a minimum 
amount of inclined shear reinforcement in the lower web 
caused the failure to be localized in the posts. 

e) The addition of both post and lower web reinforce- 
ment resulted in a redistribution of stresses in the shear 
Span such that all sections were more equally stressed in 
diagonal tension. 

f) Considerable increase in supplementary longitudinal 
reinforcement did not significantly increase the shear 
capacity of the beams. 

g) A decrease in the number of openings in the shear 


Span increased considerably the shear capacity of the beams. 
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2.2 Parallelogram Shaped Openings in Prestressed Concrete 


Tee Beams 


Le Blanc¢3), in a follow-up to Sauve's work, tested 
ten prestressed concrete tee beams with rectangular and 
parallelogran shaped web Openings in the Structural 
Engineering Laboratory at the University of Alberta. The 
details of the beams were similar to Sauve's, and were 
tested under various load arrangements. The prestress force 
and the amount of shear reinforcement used were two 
important variables, however the main concern was the 
effects of the parallelogram type openings in the beams, 


compared with the rectangular openings or no openings. 


Some of his observations and conclusions were: 

a) Parallelogram shaped openings accompanied by 
inclined shear stirrups, in prestressed concrete tee beams 
containing web openings, result in a beam with a _ higher 
ultimate capacity relative to rectangular shaped openings 
and vertical shear stirrups, when the failure is a shear 
failure or a combined shear and bending type of failure. 

b) Since shear failures occur through the hole 
sections, shear reinforcement in the posts is not sufficient 
in itself to prevent a shear failure. 

c) Lower web reinforcement in the shear span below the 
web openings, increases the ability of the beam to withstand 
more severe shear stresses, thereby increasing the 


possibility of flexural failure. 
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d) Shear reinforcement, above the hole sections in the 
Shear Spans, would probably increase the possibility of a 
flexural failure in cases where the loading produces’ severe 
shear stress conditions, since shear failures tend to 
initiate in this region. 

e) The ultimate load and moment calculated using the 
theoretical ACI Code procedure, in the case of flexural 
failures, is very conservative relative to the measured 
ultimate load and moment obtained from these tests. 

f) Deflections at flexural ultimate loads were higher 
for beams having web openings than for the control beam 
having none, due to the decrease in initial stiffness caused 


by the introduction of the openings. 


2.3 Prestressed Tee Beams with Large Web Openings 
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Ragan and Warwaruk‘8) tested six prestressed tee 
beams containing web openings. In this program, four model 
beams were tested in the Structural Engineering Laboratory 
of the University of Alberta and two full size beams were 
tested in the field. The design of the two full size beams 


was based on the results obtained from the model beams. 


Some of their observations and conclusions were: 
a) Cracking extended vertically downward from approx- 
imately the centre point of the web openings; hence it was 
concluded in the full size beams, to distribute the pre- 


stressing strands almost evenly across the vertical section 
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of the lower web. 

b) Severe cracking at the connection of the "post" and 
flange led to the provision of steel in the posts at 1.3% of 
the horizontal area of these posts. 

c) All failures were due to inclined cracking in the 
lower web and always in the half span which had the least 
amount of web reinforcement; hence the full size beams were 
provided with "U" stirrups in the lower web spaced at six to 
twelve inches. 

d) The mode of failure of all beams with openings was 
by the formation of mechanisms. None of the beams, neither 


model or full size, failed in a flexural manner. 


2-4 Reinforced Concrete Tee Beams with a Web Opening 


Lorentsen(5), of the Royal Institute of Technology 
in Stockholm, conducted analytical and experimental research 
on reinforced concrete girders having a single web opening. 


Four beams were tested under different loading conditions. 


In general, his tests confirmed the behaviour 
pattern predicted by the elastic theory and also showed that 
there was a reserve of capacity available, due to the redis- 
tribution of moments between stressed sections located at 
the edges of the openings. Lorentsen also showed that for 
Statically loaded structures, satisfactory structural 
capacity can be achieved if the sections near a hole are 


designed to resist the normal and bending forces. He pointed 
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out that in simply supported beams supporting a uniformly 
distributed load, there are two factors which make the 
location of a hole near the midspan desirable: 

a) The magnitude of the flange moment, and 


b) The low shear force relative to normal force 


The flange moment refers to the moment in the upper 
flange at the left end of the hole, not the contribution of 
flange compression to overall moment resistance at a 
section. Since this moment is basically the sum of the fixed 
end moment of the flange itself induced by the portion of 
the load applied above the hole and thus dependent only on 
hole length, and a component produced by the transverse 
shear at the section, it follows that the flange moment will 
be minimal near the centerline. Similarly, the high normal 
force in the flange at centerline, relative to shear force, 
enhances the shear capacity of the flange, while the 
opposite situation at the supports induces high principal 


tension stresses in the flange. 


An important conclusion which Lorentsen made is 
that, in the region of a hole, the members should be 
overdesigned with respect to crushing of the concrete. This 
guards against the occurrence of a plastic condition at 
working loads. Such a condition is not desirable, Since the 
moment near a hole may change sign, depending on the 
position of the load. He also concluded that the principles 


presented can be applied to cases where more than one hole 
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2.5 Rectangular Reinforced Concrete Beams with Large Web 


Openings 


Nasser, Acavalos and Daniel?) of the University of 
Saskatchewan, tested nine rectangular beams containing web 
openings. They were able to verify that: large openings 
behave Similarly to a Vierendeel panel, contraflexure points 
exist at the approximate midspan of the cross members, the 
diagonal force concentration at the corners of an opening is 
twice the simple shear force, and adequately reinforced 
large openings do not reduce the ultimate capacity of a 
bean, but reduce the stiffness and hence increase 


deflections. 


2.6 Circular Openings in Webs of Continuous Beams 


Somes and Corley‘1!)» conducted tests in the 
Portland Cement Association Structural Development 
Laboratory on 19 reinforced concrete tee beams containing 
circular web openings. The specimens were proportioned to 
model the negative moment region at an interior support of a 
typical continuous joist and were cast with sanded 
lightweight-aggregate concrete. Some of their design 
recommendations were: 
a) An opening should encroach no closer to the extreme 


compression fibre than the depth of the equivalent 
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rectangular stress block "a" defined by Sec. 10.2.7¢€13. With 
this requirement satisfied, small isolated openings may be 
located anywhere in the web without strength reduction. 

b) Large openings should have well-anchored stirrup 
reinforcement on either side. This reinforcement should be 
located as close to the opening as is consistent with the 
ACI standard requirements for concrete cover. 

c) On each side of a large opening the area of stirrup 
reinforcement should be not less than the shear capacity of 
the joist at the location without the opening divided by the 
specified minimum yield strength of the stirrup steel. The 
shear capacity should be calculated according to Sec. 
Miso et), 

d) Where multiple openings are used, the minimum 
horizontal dimension of the concrete between adjacent 
openings should be not less than 0.25 of the web depth or 4 


inches, whichever is greater. 
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CHAPTER III 


RESEARCH PROGRAM 


This test series forms the fourth part of a program 
initiated to supply the experimental background necessary 
for the development of adequate design procedures for pre- 
stressed concrete tee beams containing large web openings. 
The first three series studied the effects of rectangular 
and parallelogram shaped openings on the behaviour of such 
beams, while this investigation introduces circular web 


openings. 


Justification for the study of the effects of 
circular holes is two-fold. First, many of the building 
services that may be threaded through the holes are 
cylindrical, such as plumbing and some air-ducts, or would 
fit as easily through circular holes as any other. shape, 
such as electrical conduit. Thus in practice a circular hole 
may be more desirable than a rectangular one. Second, 
intuition, supported by the results of the tests, suggests 
that the mode of behaviour of a beam is strongly influenced 
by web opening geometry. Thus a design of a beam with 
circular web openings based only on studies of rectangular 


holes would at best be a crude approximation. 


The fabrication and testing of the beams of this 
study were carried out concurrently with those of Linder. 


Good co-ordination of the two test series avoided logistical 
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problems in the laboratory, and improved the efficiency of 
both operations with respect to time, material, and 


manpower. 


Twelve specimens, described in Table 3.1 and Figure 
3-5, were tested, each containing circular web openings. The 
section used was a simple tee with an overall depth of 20 
inches, as illustrated in Figures 3.1 and 3.2. The location 
of the centerlines of the holes was at a depth of 8-1/2 
inches from the top of the flange. Unlike previous sections 
used by Le Blanc and Sauve, no corners were beveled, 
although 1-1/2 by 1-1/2 inch fillets were formed at the 
web-flange junctions. Longitudinal mild steel reinforcement 
consisted of eight #3 deformed reinforcing bars, extending 
through the full length of all beams. Four of these were 
placed at mid-depth of the flange, two just above the holes, 
and two in the bottom of the web. In this way the steel was 
proportioned to resist initial tension stresses in the 
flange, to increase the moment capacity of the section, and 
to facilitate construction and handling of the reinforcing 
cages. Five seven-wire prestressing strands of 3/8 inch 
nominal diameter were positioned at the corners and centre 


of a 2 inch by 2 inch square at an average depth of 16 


inches. 


The first beam had ten holes spaced at 16 inches on 
centre, a span between support centerlines of 20 feet, and 


two loads placed symmetrically on the beam 8 feet apart. 
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Subsequent beams had holes spaced at 20 inches, spans 
between support centerlines of 20 feet 4 inches (for beams 
AD-2 to AD-4), or 16 feet 4 inches (for beams AD-5 to 
AD-12), but with the two loads located 8 feet 4 inches 
apart. These proportions enabled the loads to be placed 
midway between holes, while maintaining constant hole 
spacing throughout the perforated region and shear spans of 
either four or six feet. The length allowed for anchorage of 
the strands beyond the support centerlines at each end 
varied from 1 foot 6-1/2 inches to 2 feet, depending on the 
space available in the forms. There were seven or nine holes 
per beam (depending on beam length) of 8 inch (beams AD-7 
and AD-8) or 10 inch diameter. Thus, while the average hole 
area per foot of beam length was less than that of beams 
with rectangular or parallelogram shaped holes by from 11% 
to 57%, the maximum depth of web removed by a hcle was 25% 


higher. 


The arrangement of shear reinforcement was the 
principal variable. It consisted of full-depth open 
U-stirrups of #3 deformed bars, and smaller closed stirrups 
of #2 bars. The U-stirrups placed at 45° and 90° to the 
longitudinal axes of the beams were bent to the specified 
shape by the supplier, while those placed at 60° were 
produced in the laboratory by re-bending the 45° stirrups. 
The smaller stirrups were fabricated in the laboratory fron 
straight #2 bars bent on a simple bending jig, and were 


placed at 45° above and below the holes. The lower web 
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stirrups were anchored by means of wire ties where their 
ends lapped around a corner. Figures 3.3 and 3.5 show 


stirrup details and locations in the test beams. 


The prestressing operation was carried out between 
two reinforced concrete abutments anchored to the load 
floor. The first four beams were cast singly, the second 
four were each cast with one of Linder's beams in tanden, 
while the last four were cast as two pairs in tandem. The 
formwork used was that designed by Linder, consisting of 
built-up steel forms lined with plywood treated to resist 
damage from fresh concrete. The openings were formed by 
styrofoam blocks held in place by small truncated plywood 
"cones" which were wedged into sockets in the blocks. These 
cones were attached to the form liners with wood-screws such 


that they could be easily relocated. 


The concrete mix used was proportioned to produce a 
nominal strength of 5000 psi, and contained High Early 
Strength cement. Typically, three standard test cylinders 
were cast from each batch of concrete, allowed to cure under 
the same conditions as the beams, and were then tested for 
compressive strength and tensile splitting strength on the 
same day as the corresponding beam test. Transfer of the 
prestress force was accomplished after either a four or five 
day moist curing period. The beams and cylinders were then 
stored in an exposed condition in the laboratory, until 


being tested at ages ranging from 15 days to 36 days. 
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The instrumentation of the beams was of three 
types: electrical resistance strain gauges, Demec points, 
and metal scales graduated in hundredths of an inch. The 
strain gauges were mounted on the shear reinforcement at 
locations that appeared to be critical, judging from the 
cracking behaviour of the first beams, and on the pre- 
stressing strands at selected sections. These were carefully 
waterproofed with a coating of epoxy, which also served to 
protect them from being damaged by the aggregate during 
casting. Pairs of Demec points were mounted at a section 
near the beam centerline as shown in Figure 3.4 to determine 
the strain changes induced by creep and elastic shortening 
at transfer, especially at the level of the prestressing 
strands in the lower web. Strain distributions across the 
depth of the section were also derived as the beams were 
loaded. Deflection readings were obtained for each increment 
of load with the use of a surveying level and scales 
suspended from the bottom of the web at the load points and 


centerline. 


The loading apparatus, as pictured in Figure 3.7, 
consisted of two hydraulic jacks mounted on a steel frame 
secured to the load floor, and two concrete pedestals. The 
jacks were controlled from an Amsler loading apparatus, such 
that they would exert equal loads, and were positioned to 
bear down on two steel plates, plastered to the top of the 


flange. The rounded knife-edges, which provided the point of 
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contact between the beams and the supports, were mounted on 
small roller-wheeled carts that traveled on bearing plates 
bolted to the concrete pedestals. To provide structural 
Stability, one of these carts was restrained by a threaded 
rod, while the other was free to roll as the bottom fibre of 
the beam elcngated. This motion of the rolling support upset 
the symmetry of loading by allowing the centre portion of 
the beams to move in the same direction. To counteract this 
undesirable effect, the position of the fixed support could 
be adjusted during testing by means of the threaded rod. The 
underside of the web was protected from stress 
concentrations by the steel beam seat of Figure 3.6. To 
guard against the slight possibility of a beam tipping over 
Sideways under high loads, a frame of 5 inch channels was 
bolted across each end of the loading frame above the test 


beam to restrain the flange. 
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GENERAL BEAM DATA 
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CHAPTER IV 


TEST RESULTS 


The results of the tests of twelve tee beams are 
presented in this chapter in tabular, graphical and 
photographic form. The values plotted were derived from 
readings taken during testing with the use of a survey 
level, electrical resistance strain gauges, Demec strain 
gauges, and the Amsler loading apparatus, and are tabulated 


in Appendix B. 


4.1 Summary of Test Results 


Table 4.1 gives simplified descriptions of the 
shear reinforcement details of the beams, and corresponding 
failure loads. Table 4.2 compares the observed ultimate 
moments with theoretical values based on Eq. 18-3 of the 
1971 ACI Building Code‘1), a strain-compatibility analysis, 
and the assumption of a stress of 275 ksi in the 
prestressing strand at failure. Sample calculations of these 
moments are given in Appendix cC. In all cases the 
non-prestressed tensile reinforcement was considered to 
contribute to moment capacity according to Sec. 18.7.2 of 
the ACI Code(‘1!). Also in this table the failure mcde of each 
beam is described as either shear, shear-compression, or 
flexural. This classification was made on the simplistic, 


descriptive tasis explained in Sec. 5.2 to facilitate the 
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evaluation of the shear reinforcement arrangements used. 


4.2 Load-Deflection Relationships 


Figures 4.1.1 to 4.1.3 illustrate the relationships 
between moment and centerline deflections. For clarity, the 
beams are divided into three groups of four and each curve 
is referenced with the corresponding beam number. These 
groups are termed "Casting Groups" one (long beams cast 
Singly), two (short beams cast in tandem with Linder's), and 
three (short beams cast in pairs in tandem). Deflection 
readings were also taken at the load points such that the 
three readings could be used to calculate an average 
curvature in the pure moment region. The resulting 
moment-curvature relationships are plotted on Figures 4.2.1 


to 4.2.3. 


4.3 Strain Distribution 
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Strain distributions within beam sections, as 
calculated from Demec strain gauge readings, are shown for 
selected loads in Figures 4.3.1 to 4.3.3. Demec point 
locations near beam centerlines are as depicted in Figure 
3.4. In addition, the strain in the top fibre of the flange 
given by Demec readings is plotted against moment in Figures 


4.4.1 to 4.4.3. 
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4.4 Moment-Reinforcement Strain Relationships 


The remaining figures’ show the relationships 
between applied moment and strain in the reinforcement 
obtained from readings of the strain gauges mounted on the 
prestressing strand and shear reinforcement. General 
locations of these gauges are shown in Figure 4.5.6 
Individual curves are referenced with beam number and gauge 
number in order that the exact location of any gauge can be 


found in Appendix B. 


Strains in the prestressing strand are plotted on 
Figures 4.6.1 to 4.7.4. The first three figures deal with 
strain in the strand at centerline, while the rest deal with 
the other four general locations. Figures 4.8.1 to 4.11 
illustrate the relationships between moment and strain in 
the full-depth #3 stirrups, the upper web #2 stirrups, and 


the lower web #2 stirrups. 


4.5 Cracking and Failure Patterns 


Plates 4.1 to 4.12 consist of photographs of each 
of the beams at two stages of loading. The first load is one 
at which the general cracking pattern has developed, and the 
second is the failure load. Close-up views of the failure 
regions of beams AD-1, AD-7, and AD-8 are shown in Plates 


4.13 to 4.15 to illustrate the three modes of failure by 


which the beams are classified. 
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TABLE 4.1 


SUMMARY OF TEST RESULTS 
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APPLIED MOMENT VS. STIRRUP STRAIN AT LOCATION 'F9! 
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FIGURE 4.9.1 UPPER WEB STIRRUPS 
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APPLIED MOMENT VS. INTERMEDIATE STRAINS 
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APPLIED MOMENT VS. LEAST CRITICAL STRAINS 
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FIGURE 4.10.1 LOWER WEB STIRRUPS 
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PLATE 4.5 BEAM AD-5 CRACKING AND FAILURE PATTERNS 
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PLATE 4.13 BEAM AD-1 


TYPICAL SHEAR FAILURE DETAIL 
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CHAPTER V 


DISCUSSION 


The test series reported herein consisted of twelve 
prestressed concrete tee beams, each containing circular web 
openings. The principal variables included were arrangement 
of shear reinforcement and loading configuration, while 
variables of secondary concern were hole size and spacing. 
The following discussion, supplemented by the figures in 
Chapters III and IV, describes the behaviour of the beams 


under load and relates it to the variables mentioned above. 


5.1 Parameters 


In all cases two equal point loads were positioned 
symmetrically at either four or six feet from the supports. 
Thus to reach the ultimate moment capacity of the section, 
two different severities of shear stress would also be 
developed. Because no failure mechanisms were formed 
involving more than one hole, the presence of an extra hole 
in the longer shear spans of the first four beams had little 


influence on behaviour and was not considered as a variable. 


Ten inch diameter holes were spaced at 20 inches on 
centre in all beams except AD-1, in which a 16 inch spacing 
was used. This beam failed at 19 kips whereas AD-2, similar 
in all respects but hole spacing, failed at 20 kips. The 


difference is not large enough to attribute it solely to the 
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difference in spacing, particularly considering the higher 
measured compressive and tensile strengths of the concrete 


of AD-2. 


The inclusion in the series of beams AD-7 and AD-8, 
containing the smaller 8 inch diameter holes, did little to 
isolate the effects of hole size on shear strength as they 
both had more stirrups per post than other beams. These two 
beams failed at or near flexural capacity, making it 
difficult to determine their actual shear strength. The 
failure at or near flexural capacity of AD-6 and AD-9, the 
beams most similar to AD-7 and AD-8, also made the combined 
strengthening effect of smaller holes and more stirrups 
difficult to assess. It is intuitively obvious, however, 
that smaller holes in the shear span will decrease the 
possibility of shear failure, by removing less concrete, and 


by providing more room for shear reinforcement. 


The variations of shear reinforcement formed the 
most important parameter of these tests. Initial 
calculations for shear reinforcement requirements ignoring 
the holes showed that vertical #3 stirrups could be placed 
in the longer shear spans at 15 inches, and in the shorter 
shear spans at 10 inches. As well as weakening the beams, 
the presence of the web openings placed restrictions on 
possible stirrup locations. While the average spacing of 
stirrups in the first four beams was 8 or 10 inches, the 


distance between two stirrups surrounding a hole was 12 or 
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77 
17 inches depending on their slope. 


Full-depth #3 "U" stirrups, as Shown in Figure 3.3, 
were employed in all beams as the primary shear 
reinforcement. They were fabricated in different heights to 
allow their placement at 90°, 60°, or 450° to the 
longitudinal beam axis. In the case of beams AD-7 and AD-8, 
stirrups of twice the area were produced by tack welding two 


regular stirrups together. 


Secondary shear reinforcement was also provided in 
six beams in the form of closed #2 stirrups above and below 
holes in critical shear regions. They were modeled after 
those of Linder, who developed them pursuant to the 
recommendations of Le Blanc. Because of the small web depths 
available, especially for the upper stirrups, they were all 
placed at 45° to take advantage of the resulting efficiency 


and overlapping effect of inclined stirrups. 


5.2 Cracking 


Besides mode of failure, the progression of 
cracking through loading history is an aspect of beam 
behaviour that is affected by the presence of web openings. 
The first cracks noticeable in each of the beams were a form 
of web shear crack extending from a_ shear hole in two 
opposite directions along a 45° line. This cracking 
developed at lower loads than web shear cracking in the 


unperforated portions of the shear spans because of the 
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higher average diagonal tension stress across the line of 
the cracks caused by the presence of the holes. The next to 
appear were the first flexural cracks, progressing upwards 
from the bottom surface of the web near the load points. The 
total of superimposed and dead load moments at which this 
occurred ranged from about 640 inch-kips to 900 inch-kips, 
while the calculated cracking moment, based on the modulus 
of cupture, was about 870 inch-kips. Within a short time of 
its appearance the flexural cracking pattern had developed a 
uniform density and crack length, both of which increased 
with successive loading until the concrete in the lower webs 
became unable to contribute to lower web tensile strength. A 
Similar series of flexure-shear cracks also developed in the 


shear spans, curving upwards and away from the beam ends. 


As the neutral axis migrated higher into the web, 
cracking began to occur above the openings. In the moment 
Spans this often took the initial form of two small cracks 
ascending radially from each hole at about 45° from the 
vertical, and generally stopping at the web to fillet 
junction. These were flexural cracks, and their deviation 
from the vertical was the only evidence of stress 
concentration noted in the tests. In some instances these 
two were the first of a small group of similar cracks 
radiating from the top quarter of the opening perimeters. 
Those beams failing in flexure and shear-compression also 
experienced the propagation of single flexural cracks up the 


middle of the posts in the moment spans from the bottom 
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fibre into the fillet. 


By the latter stages of loading the first cracks 
that had appeared above the first hole outside the moment 
Span usually had grown into the fillet towards the load 
point, still inclined at about 45°. Even at considerably 
high loads the upper webs immediately above these holes 
remained relatively free from visible cracking, although 


this was the location of the final failure crack. 


5.3 Classification of Failure Types 


The beams were divided into three categories 
depending on their mode of failure. The flexural group 
contains all the beams that failed in the desirable flexural 
manner, indicating that their shear reinforcement was 
sufficient for them to attain their ultimate capacity. The 
Shear group consists of those beams that failed at loads 
considerably below the expected flexural capacities, due to 
insufficient shear strength. The shear-compression group 
includes the beams that failed at relatively high loads, but 
in a manner similar to the shear failures. Failures typical 
of these three types can be seen in Plates 4.13, 4.14, and 


4.15. 


The last category was labelled shear-compression 
because of the combination of high shear and compressive 
stresses in the upper web near the load points prior to 


failure. This stress condition apparently was the cause of 
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the failures, as evidenced by the occurrence of cracks 
inclined less than the 45° of a typical shear crack. While 
these failures were basically shear in nature, they 
displayed a behaviour almost as desirable as a flexural 
failure, since they sustained loads and deflections in some 


cases greater than those of the flexural group. 


The definition of flexural failure as "one 
occurring in the pure moment region", though somewhat 
strict, was intended to avoid including a failure not 
Clearly a result of flexural effects. As predicted by 
strain-compatibility analyses, all flexural failures 
occurred by the crushing of concrete in the flange and upper 
web. Thus it was difficult to identify the basic cause of a 
failure in a shear span as shear or compressive stress on 
the evidence of appearance alone. This confusion did not 
arise in previous tests¢€3)€4)€20) in which all flexural 
failures were brought about by rupture of the prestressing 
strand, because this mode of behaviour is indicative of a 
flexural failure regardless of the amount of shear stress 


present. 


The shear failures were the Simplest to 
distinguish, not only by the low loads involved, but by the 
form that they took. Because of the low moments sustained, 
shear stresses dominated over compressive stresses, and the 
failures took the form of two diagonal cracks, inclined at 


about 45°. The first of these appeared in the lower web 
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below a hole in the shear span where the concrete was 
already weakened by flexural tension cracks. Upon the loss 
of the ability of the lower web to resist shear stress, the 
portion it had carried was transferred to the upper web. 
When the shear capacity of the upper web and flange was 
reached the second diagonal crack appeared, rending the 
upper web, usually in a violent manner. Both cracks tended 
to be positioned such that they penetrated the upper and 
lower webs at their minimum sections, thus minimizing their 


total length. 


The beams were tested in numerical order, but to 
provide a more logical sequence for comparing their 
behaviour, the tests will be described in the next three 
sections by failure type in ascending order of ultimate 
capacity, expressed in terms of maximum moment at collapse. 
The ranges of values of maximum moment of the three failure 
groups are: shear 1368 to 1680 inch-kips, shear-compression 
1824 to 2088 inch-kips, and flexural 2016 to 2095 inch-kips. 
Comparisons of the shear capacities of beams containing 
different arrangements of shear reinforcement are included 
even in cases where the shear spans were of different 
lengths. Because of the dependence of concrete shear 
strength on normal stress, and thus on applied moment, these 
comparisons are intended only as qualitative indications of 


the effects of altering shear reinforcement. 


79 | ee 


zeu otetono> sdj ovedy apqe xsede o49) why stot 6 woled 
aaol eft oq .exosao mobhenes Isxoxed? ed Bonsdsov ybseais 
edt \eaeige asede telasa of daw sewol eit Yo ysitids eft) to 
-<dew wzsqqu sis ‘os porretenas3 BBY betaas> bed 3i noltsoq 
asw opasli fos dew a9qqu ed> to ytinegsa ssede of? nodW 


edt paibass ,Seaneqaqs wast> Lenopskd Boose ed? bedsse% 


hebagt axoeto dvod .zennbe Inolobv 5 at yiisven dow xzeqqu 
bas woagy oft betasteneg yods tsds+ dove benoksteog ed o3 
aiodd paisia tain aud? ,enokives avaiota — 26 ades zowol 


-dspnel Is303 


od Std  aehso. Isoitesyn ai betes? orey eased off he 

iets paitsgmo> xz0t spasnpse Lsctpol stem 6 ehiveag 
esidd jxon of¢ at Sedkzoeeb od Iftw a3e09 edt ,avoiveded 
stemisio to x@bue enibmevas nk ogy? sumiist yd anoktooe 
.o2qeiio> 46 -3nemon aumixem 2o eated ak beeeeigse «¥2 i08q959 
etulia? s9add oft Yo Sasser sesixsa to essisv Yo sonnet odT 
nobnacwqeco-isede «6 egid-doakt O8dF a9 Batt useda to 3s equeip 
-agda-donk 2808 of Bf08 Isawxet? bas .eqii-doal 8805 oF AS6r 
cainistacs amused to aektiosged zecdn odd 30 ancabaeqeo? 
bebuioni 936 ngmeozotaiosz asede Io ajnomopastIs taowotTLb 
taetsttib yo orsw 2nsqe A@sefe edd enzedwy eB9e5D nk neve 
as9d@ ot9ton0> 20 sonebaegeh edt %0 erences -2ddpacl 


snip 
seeds ,tnemow beligqs mo eadd bas veeomse {sero a0 dtpae3se 


evel 


to ecotssvibak evitetiisop es yino bebaetal rer mana 
-suonopz0Rubos asode paisesis 30 sioulie "odd 


ti pcs 


peti events 1 eee ats |e? suede 
_s : ( f 7 


* 


Mm ere 


82 
5-4 Beams Failing in the Shear sode 


This group is the largest, consisting of five 
beams, failing at moments of from 1368 to 1680 inch-kips. It 
is interesting to note that only one beam with inclined 
primary shear reinforcement, AD-11, fell in this category. 
The stirrups in this beam were placed at 60°, rather than at 
the more efficient 45°, and were not supplemented by upper 
or lower web shear reinforcement. A further observation is 
that all beams containing vertical full-depth stirrups were 


included in this category. 


The beam attaining the lowest maximum moment was 
AD-1. This was expected, because as well as being lightly 
reinforced with two vertical #3 stirrups per post, this was 
the only beam with a hole spacing as small as 16 inches. The 
failure, however, did not occur in the resulting 6 inch 
posts but in the web portions above and below the first hole 
from the South end in the manner described in the previous 
section. The posts in the shear spans, being only slightly 
cracked, showed that they could have resisted higher loads 
but it could not be concluded that their strength would be 


sufficient to allow a flexural failure. 


Exceeding AD-1 in strength by about 5%, AD-2 failed 
at a maximum moment of 1440 inch-kips. AD-2 was detailed 
exactly as AD-1, except for its 20 inch hole spacing, and 
the resulting increased length of the moment span from 8 


feet to 8 feet 4 inches. Similar too, was the mode of 
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failure, except that it occurred at the second hole from the 
North end. As noted before, the concrete in AD-2 had higher 
measured compressive and tensile strengths, which alone may 
have been sufficient to cause the difference in strength 
between the beams. AD-2 was flexurally stiffer than AD-1, 
probably due to the combination of larger hole spacing and 
the higher modulus of elasticity associated with higher 
compressive strength. At a load of 18.5 kips (1332 inch- 
kips, maximum moment) the centerline deflection of AD-1 was 
1.56 inches, while that of AD-2, though longer by 4 inches, 


was only 1.50 inches. 


AD-11 failed at a maximum moment of 1488 inch-kips, 
only 3.3% higher than that of AD-2. Because it had shorter 
shear spans this represents a maximum shear force 55% 
higher. Besides having one less hole in each Shear span, 
AD-11 differed from AD-2 in having three stirrups per post 
inclined at 60° rather than two vertical stirrups. While 
AD-11 failed in a manner similar to AD-2, the general 
inclination of the principal cracks was steeper in the case 
of AD-11. By intersecting the path that a crack would follow 
in the absence of shear reinforcement, the stirrups adjacent 
to the hole tended to force the webs to crack in a different 
location, and thus at a higher load. In this way the stirrup 
that is barely visible at the bottom of the web below the 
hole in Plate 4.11 forced the bottom ends of the cracks to 
the left, away from the support, while the top ends were 


still free to remain close to the lowest point on the 
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circumference of the hole. This effect also tended to 
restrict the volume of lower web that was split severely by 
the cracks, consequently reducing the amount of residual 


vertical shear deformation across the hole. 


Beams AD-10 and AD-5 were the strongest of the 
group, reaching maximum moments of 1584 and 1680 inch-kips, 
respectively. AD-5 was designed and tested first, and when 
it failed below ultimate flexural capacity, its design was 
repeated in AD-10, but with a closer spacing of #2 stirrups. 
It was anticipated that this would increase the shear 
capacity of the upper and lower web regions and thus allow 
AD-10 to reach higher loads. This did not occur for two 
reasons. The #2 bar used for the stirrups in AD-10 came from 
a batch having a yield stress of only 36 ksi, 8 ksi less 
than that used in AD-5, resulting in (Av fy / s) values for 
AD-10 only 2% and 9% higher in the upper and lower webs 
respectively. Also beam AD-10 was not seated properly with 
the centre surface of the web coplanar with the axes of the 
jacks. As well as adversely affecting the strength of AD-10, 
this misalignment modified the mode of failure from the type 
exhibited by all of the other beams in the shear group, by 
inducing transverse components of load. There was far less 
visible evidence of distress in the lower web. No cracks 
could be seen to be completely severing the lower web, and 
none of the reinforcement contained therein was revealed by 
surface spalling which was so prominent in other beams. The 


upper web was cracked in the usual way, although the crack 
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opened only slightly, and the failure section did not 
present as striking a discontinuity in the horizontal lines 


of the beam as it had in other beams. 


The flange, however, was badly damaged by the 
weak-axis bending and torsion resulting from the transverse 
components of the loads. These effects added to the already 
high compressive and shearing stresses in the East side of 
the flange, causing this region to fail in compression 
between the load and the hole in the shear span. Collapse 
progressed slowly enough that it could be seen that the 
crushing of the flange occurred first, precipitating the 
final failure of the upper web by a shear-type crack. 
Slippage along this crack (in a counter-clockwise sense in 
Plate 4.10) caused the crushing and spalling at the bottom 
of the hole and the series of unmarked cracks in the lower 
web, extending from the spalled area to the flake protruding 


from the bottom of the web towards the support. 


Beam AD-5 was the only beam containing upper and 
lower web stirrups that failed in the shear mode typical of 
the other beams in this group. The lower web was split by a 
series of cracks inclined at about 45°, and its surface was 
broken away exposing three of the enclosed stirrups. In 
Plate 4.5 these stirrups are inclined more steeply than the 
45° at which they were placed because of the counter- 
clockwise slippage that occurred along the cracks. At the 


penultimate load of 34 kips a crack appeared at a slope of 
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less than 45°, extending from the topmost point of the hole 
through the fillet and into the flange. The failure of the 
beam was brought about by the shear failure of the upper web 
along this crack after application of the last increment of 


load. 


If it could be assumed that the shear capacity of 
the test beams was dependent only on the shear reinforcement 
present, and not at all on the loading configuration, then a 
beam similar to AD-5 but without upper and lower web 
stirrups, would fail at 20 kips, the failure load of AD-2. 
The inclusion of this extra reinforcement would then be 
responsible for an increase of 75% in the capacity of AD-5. 
While this figure is rather high, it indicates that the 
effect of such stirrups is of the same order as that of the 
60° full-depth stirrups of AD-11. The manner in which these 
two schemes of reinforcement achieved higher strengths was 
different, however. In the case of AD-11 the stirrups 
adjacent to the hole extended into the upper and lower web 
regions and intersected the line of the most probable shear 
crack, thus forcing it to detour along a new route at a 
higher load. The #2 stirrups of AD-5, by being distributed 
throughout the upper and lower webs, allowed no such 
possible detour but required the failure cracks to appear in 


the usual location at a higher load because of the numerous 


stirrups to be crossed. 


Generally, all of the shear failures in this test 
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series occurred at locations predetermined by the geometry 
of the circular web openings. The upper and lower webs 
formed by these holes were necessarily very stocky, and, 
though only a few inches deep, acted as haunched deep beams 
failing as such in shear rather than flexure. In contrast, 
the beams cast in previous tests with long rectangular web 
openings, were much like Vierendeel trusses having slender 
beam-column members. In regions of high shear force these 
members would develop considerable secondary flexural 
stresses which in some cases led to mechanism failures 
before the flexural capacity of the beam as a whole could be 


attained. 


5-5 Beams Failing in the Shear-Compression Mode 


The four beams in this category made use of two 
different schemes of shear reinforcement. One combined upper 
and lower web stirrups with three full-depth stirrups per 
post inclined at 60°. The other three had two, three, or 
four 45° stirrups in the posts, with no additional shear 


reinforcement in the upper and lower webs. 


The beam reaching the lowest maximum moment of 1824 
inch-kips was AD-9, containing three 45° stirrups per post. 
Although collapse occurred with little warning, it was 
apparent that the progression of deterioration of this beam 
was different from that of the shear failure group. Due to 


the intrusion of the #3 stirrups into the lower web, the 
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shear cracks developed there opened only slightly and had no 
Serious effects on the shear capacity of that region. 
Similarly, the upper web remained relatively free of cracks 
until the latter stages of loading, although it was less 
protected by the stirrups because of the proximity of the 
hole to the top surface of the flange. Failure occurred in 
the upper web due to the combination of high compressive and 
shear stresses, but at a location above the edge of the hole 
nearer the support, rather than at the minimum section. Much 
of the damage visible in Plate 4.9 was caused by the sudden 
release of the large amount of strain energy contained in 
the beam, rather than by static stresses. The most obvious 
examples of this type of damage were the cracks in the lower 
web aligned along the direction of principal tension instead 
of across it, and the separation of the fillet from the web 
to the right of the hole. The loss of portions of the flange 
and the appearance of cracks coincident with some of the 
reinforcement in the other end of “the beam, were also 


results of this energy release. 


Although having shear spans of different length, 
AD-2, AD-11, and AD-9 illustrate well the strengthening 
effect of sloping shear reinforcement in beams containing 
circular web openings. In these beams the stirrups were 
placed at 90°, 60°, and 45° respectively, producing ultimate 
loads of 20, 31, and 38 kips. These successive improvements 
were not the result of the alignment of the sloped 


reinforcement with the diagonal tension field alone, but 
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also of their presence in the critical areas of the upper 


and lower webs made possible by their inclination. 


Although failing at a maximum moment of 1872 inch- 
kips, only slightly higher than that of AD-9, AD-12 seemed 
to suffer less damage, especially that caused by the dynamic 
Celease of strain energy. Crushing occurred above the hole 
in the South shear span, breaking off small pieces of the 
flange. The lower web was cracked in the same way as was the 
lower web of AD-9, but not excessively enough to reveal the 
steel within. The remainder of the beam retained its well 
developed regular crack pattern after failure, giving no 
visual indication that it had resisted stresses capable of 


destroying its load-carrying capacity. 


Beam AD-12, containing the 60° #3 stirrups, was 
similar to AD-11 except for the addition of #2 stirrups in 
the upper and lower web in the shear spans. This 
supplementary reinforcement caused an increase in strength 
of about 26% over that of AD-11. Comparison with AD-5 shows 
that the effect of changing the slope of the primary shear 
reinforcement from 90° to 60°, while retaining the secondary 
shear reinforcement, was to increase the ultimate load by 
about 11% from 35 to 39 kips. This was not as much as_ the 
increase that would be caused by the same transformation in 
a beam with no secondary shear reinforcement, because the 
small stirrups in the upper and lower webs were displaced 


away from the critical sections to make room for the larger 
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full-depth stirrups. 


The maximum moment of 2040 inch-kips reached by 
AD-7, while not the largest, represents the highest value of 
shear applied to a beam in the shear-compression group. The 
design of AD-7 followed the testing of AD-3, in which the 
effectiveness of sloped primary shear reinforcement was 
first observed. In anticipation of the higher shear force 
required to develop the ultimate flexural strength of the 
beams with shorter shear spans, the upper and lower webs 
were strengthened in two ways. A double stirrup was placed 
under each load point extending through the critical 
sections of the upper webs, providing more protection in 
these areas than would a single stirrup. As well, the 
diameter of the openings was reduced to 8 inches, making the 
webs more accessible to the sloped stirrups, and providing a 
larger area of concrete to resist shear stresses. Together, 
these two factors caused the failure load of AD-7 to exceed 


that of AD-9 by about 12%. 


Failure of beam AD-7 was similar to that of AD-9, 
except that the extent of damage caused by the release of 
strain energy was greater. Stirrups were uncovered by the 
cracks opening along their length, and portions of the 
bottom surface were broken off by cracks following the 
longitudinal steel in the lower web. Longitudinal cracks 
also appeared on the top surface of the flange approximately 


above the compression steel in the upper web, severing a 


a ne i 3 
aval» ne a 


. Lave yooed yee 
yd fedosea eqia~doat O80s “a0. jasmon xsw odT 


to eulav Jaodpid of2 atngaptqes ,faspaiss edt 908 olidw Soak 
ei? .quoap sokedeiqmop-weede ad? nt ased 6 oF boiiqas asode 
edg doidw mi .€rGA Yo nae ast bovoliot T-GA t0_ apieaab 
asy tnopooxotabes nied yueaizg bogota, Ro eaenovisostic 
ap30t 269d2@ awsipkd edt To Shdiegtotsne al ~bovieedo . gaziz 
odd %o depnezta Isxuxel? etsattiu ods qgofeveb ot boskvpes 
} adey zewol bas aogqu od ,ensge asode  3etsede dsiv sased 
bessiq esv quative sldwob A .eyew owe ni Senedspae mse Ste¥ 
Sevisia> oft dpword? patbastxe Jaieg bsol dose . asbav 
al golssetosg. etom pribivorqg ,atew Joqqe old Yo enodso92 
odd ,ffew ek quartzite sfpnis 8 bivow asdt 25078 9seds 
eit paidss yeodoni 8 of beowbhor asw epainege siz To astoasib 
6 paibivosg bas ,2quaaite Sagoie ads of eldiasesos s10m adew 
,ieddopo? .2eeRe3ze aseie teb@sx ot stezon05 To 5915 aed 

a 


Seonxe of T-O4 %o Heol ovis? edt heauso a10s0B2 ove sacd? 


«AST Suods yd @-a4 0 dedt 


+-G4 30 fsdd of asiimke abu V-04 wso0d to savlist asa 
to onseies edt yd heaved epaweb To Jnosxe , odd tsi3 Jqenxe 
att yd Setevooms o2t9m equaaise .2e3s97p BS" {ezss9 aid 
eit to enottyoqg bes ,f2pnel tziedt packs paigege edosz2 
of? padvetfot , edostp gd. 320, sedord .ezew Sostiva, eostod 
atosto Lsaifotinaed «dew tewol eds ai deese Lsakpusipaok 
ylotesixomggs epasts edt Io. eosiane got of% a0. beasegas oats 


6 paiseves oy. zeqqu. edd ak Loove gokeasageoo v49 ovede 


, 
a. 


Lay 


4 


94 


large portion of the flange near the South load point, 


though not detaching it completely from the bean. 


Beam AD-3 failed at a waximum moment of 2088 inch- 
kips, in a manner strikingly similar to AD-7, as seen in 
Plates 4.3 and 4.7. The shear force involved, however, was 
much lower because of the longer shear spans of AD-3, and 
for this reason two #3 stirrups per post were nearly 
sufficient to induce a flexural failure. A comparison of 
this beam with AD-2 provides the best illustration of the 
effect of changing the slope of the full-depth shear 
reinforcement, as these two beams were similar in all other 
respects. AD-2 failed at 20 kips and AD-3 failed at 29 kips. 
This 45% increase in strength, though not as large as others 
reported, is significant in that the maximum moment involved 
is larger than those sustained by two beams failing in 


flexure. 


In general, the beams in the shear-compression 
group behaved in a more desirable manner than did the beams 
of the shear group. All failure loads were higher in the 
shear-compression group, thus ultimate deflections tended to 
be higher also. The one exception to this rule was AD-9 
which reached a deflection of only 2.09 inches, slightly 
less than the 2.38 inch deflection of AD-5 of the shear 
group. The ultimate deflections of the rest of the 
shear-compression group ranged from 5.76 to 10.22 inches, 


with the value of 7.80 inches for AD-7 exceeding the lowest 
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ultimate deflection of a beam of the same length in the 


flexural group. 


5.6 Beams Failing in the Flexural Mode 


The three beams falling in this category failed at 
maximum moments ranging from 2016 to 2095 inch-kips. These 
were the only beams containing upper and lower web stirrups 
in conjunction with full-depth #3 stirrups placed at 45°. In 
all three cases the shear spans remained relatively intact, 
while the pure moment regions suffered damage from the 
dynamic release of strain energy as noted before. The 
mechanism triggering collapse was different, however, as the 
upper web and flange failed in compression at a _ location 


within the moment region. 


“Beam AD-6 failed at a maximum moment of 2016 inch- 
kips, lower than the failure moments of AD-3 and AD-7 of the 
Shear-compression group. Location of the failure section was 
made evident, prior to complete loss of strength, by the 
slow spalling of the top surface of the flange which 
occurred near the first hole in the North end of the moment 
region. Because of the lower moment, beam AD-6 sustained 
less damage upon the release of strain energy than did the 
rest of this group and some of the shear-compression group. 
The longitudinal reinforcement above the hole was buckled 
out as in a column-type failure. Two of the #3 stirrups and 


portions of the longitudinal bars in the bottom of the web 
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were revealed by the cracking. 


Most closely related to beam AD-6 are beams AD-5 
and AD-9. Beam AD-5 had upper and lower web stirrups at 
about the same spacing as those in AD-6, but the three 
full-depth stirrups in each post were placed vertically. The 
use of the inclined stirrups in AD-6 caused this beam to 
reach a load of 42 kips per jack, or 20% higher than the 35 
kip ultimate lcad of AD-5. Beam AD-9 was detailed as AD-6 
but without upper and lower web shear reinforcement. Its 
ultimate load was 38 kips, so that the addition of the 
Supplementary shear reinforcement increased the strength of 


AD-6 by about 11%. 


Beam AD-8 failed at a maximum moment of 2076 inch- 
kips, or at an ultimate load of 43.25 kips per jack. This 
was the beam most heavily reinforced against shear failure 
and as a result it sustained the highest shear force applied 
to any of the beams. In addition to the use of smaller holes 
and doubled stirrups, as in AD-7, this beam contained upper 
and lower web stirrups at all hole locations: in the shear 
spans. The upper webs aoove the end holes in the moment span 
were also protected by stirrups. This was done in an attempt 
to shift the location of the failure region towards the beam 
centerline where failure should theoretically occur because 
of the dead load moment. It was thought that some mechanism 
action was inducing erratic shear stresses in the upper web 


near the load points in the moment span which, combined with 
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the high compressive stress, brought about collapse 
prematurely. These extra stirrups shifted the failure 
section to the second hole from the end of the moment Span, 
and kept the region between there and the near load point as 
intact as the shear span regions. The damage was more severe 


than in AD-6, as the residual deflection was larger. 


Beams AD-7 and AD-8 provide another illustration of 
the effect of adding supplementary upper and lower web 
stirrups to a beam containing full-depth stirrups placed at 
45°, Because of the efficiency of the primary shear 
reinforcement, the supplementary shear reinforcement 
increased the strength of AD-8 by only about 2%. Since it 
failed in flexure, the shear strength of this team would 


probably have been somewhat higher. 


Because the shear strengths of beams AD-8 and AD-6 
are not known, owing to their failure in the flexural mode, 
a comparison of their strengths based on differences in 
their shear reinforcement would have no practical value. 
That AD-8 reached a higher load than AD-6 was not due to a 
difference in concrete strengths, as these were 5400 and 
6100 psi, respectively. The larger cross-sectional area of 
the upper web and flange of AD-8 may have had scme effect, 
although the depth of the equivalent rectangular stress 
block of the strain-compatibility analyses is less than the 
depth of either upper web. While the stirrups in the upper 


web in the moment span of AD-8 may have strengthened that 
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section by confining the compression zone, it is unlikely 
that this alone could have increased the strength of the 
whole beam. Most probably the explanation is a combination 
of effects, including local concrete weaknesses, fabrication 


inaccuracies, and prestressing strand inconsistencies. 


The final beam of this study to be reported is 
AD-4, which reached a maximum moment of 2095 inch-kips. This 
beam was lightly reinforced with upper and lower web 
stirrups and only two #3 stirrups per post, but this was 
sufficient to avoid a shear failure because of the longer 
shear spans and subsequently lower shear forces. Crushing 
occurred above the first hole in the South end of the moment 
Span and was accompanied by the usual cracking caused by 
release of strain energy. Cracks also appeared along the top 
surface of the flange above the longitudinal reinforcement 


contained therein. 


The difference in ultimate load between AD-4 and 
AD-3, being only about 0.3%, is an insignificant one. 
Because of the lower concrete strength of AD-4, 5400 psi 
compared with 5600 psi for AD-3, it would have had a lower 
ultimate load than AD-3 if fabricated without the 
supplementary reinforcement. But since the possible failure 
locations in the shear spans were protected, mainly by the 
upper web stirrups, the failure occurred in the moment Span 
at a load about equal to the ultimate load of AD-3. Because 


of the proximity of the failure load of AD-3 to the flexural 
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ultimate load, these stirrups probably acted to confine the 
compression Zone as well as resist the principal tension 


stresses. 


The results of the three tests reported in this 
section indicate that the concrete section used, although 
under-reinforced in the sense that the tensile steel was 
well yielded, tended to fail in flexure by crushing of the 
flange, rather than by rupture of the prestressing strand. 
Thus, from the standpoints of strength and ductility, beams 
AD-3 and AD-7 could be considered to have failed 
satisfactorily in flexure, although their failure regions 
developed in the shear spans. Including these two beams as 
having failed in flexure, the deflections at ultimate load 
of this soon ranged from about 10.2 to 12.4 inches, and 7.1 
to 8.3 inches for the longer and shorter beams respectively. 


5.7 General Discussion 


The present test series consisted of twelve 
prestressed concrete tee beams containing large circular web 
openings. While it was found that the openings decreased 
beam shear strength and flexural stiffness, the behaviour of 
these beams was different from that of beams containing 


rectangular or parallelogram shaped openings. 


The mode of flexural failure exhibited by the 
present series was quite different from that of previous 
tests. Noticeably lacking was the occurrence of tensile 


failure of the prestressing strands, the criterion used by 
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Le Blanc¢3) Linder€*) and Sauve(!9) to distinguish between 
Shear and flexural failure. This made the classification of 
failure types more difficult in some cases, and led to the 
adoption of a third category, shear compression failures. 
Although failure by strand rupture was probably incipient in 
some of the beams, it is a little odd, considering the 
Similarity of the test specimens used in all the tests 
conducted at the University of Alberta, that no beam with 
round holes failed in this manner, and that no beam with 
angular holes was reported to have failed in flexure by 
crushing of the flange. There is not enough evidence, 
however, to conclude that tensile strand failure was made 


less likely by the use of circular web openings. 


The main problem encountered in introducing 
openings into the web of a tee beam is to maintain 
sufficient shear strength to allow the member to attain its 
flexural capacity. This is because the centre portion of the 
web, where openings are usually placed, carries most of the 
shear on the section. Thus the main concern of this test 
series was to study the behaviour of the beams in shear, 
rather than in flexure, and to compare this to the effects 


of more elongated holes of quadrilateral shape. 


The tests confirm that the geometry of the web 
openings had a significant influence on the mode in which 
shear failures took place. Previous test beams containing 


long quadrilateral openings often experienced localized 
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flexural failure of the upper and lower webs rather than 
Shear stress-diagonal tension failure, because of the 
slenderness of these sub-members. Also, the sharp opening 
corners, although filletted, gave rise to stress 
concentrations at locations where the secondary bending 
stresses were already high. In contrast, the circular 
openings produced upper and lower webs which were shorter 
and stockier, and thus apparently less susceptible to 
secondary flexural failure. Shear failures typically 
occurred by diagonal tension cracking, exhibiting little 
evidence of distress due to secondary flexural effects or 


stress concentrations. 


As well as lessening the likelihood of secondary 
flexural failure of the upper and lower webs, the geometry 
of the round holes governed the locations of possible shear 
failure cracks. Each of these sub-members had one minimum 
section located above or below the centre of a hole, at 
which the shear stress was a maximum. AS expected, the beams 
without upper and lower web shear reinforcement sustained 
45° shear failure cracks precisely at these sections. The 
addition of shear reinforcement in these regions, although 
increasing shear capacity, was able to shift the crack 


locations only slightly. 


The circular openings also tended to preclude the 
possibility of shear failure in the posts, which occurred in 


some of the tests on beams with rectangular or parallelogram 
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shaped openings. Each post had one minimum section, as did 
the upper and lower webs, but because of the curvature of 
both sides of the posts, an inclined crack would not be able 
to take advantage of this. In a beam in which the spacing of 
circular openings is greater than about 1.4 times the 
opening diameter, two adjacent openings cannot be connected 
with a 45° line. Thus any potential diagonal tension crack 
must be inclined at less than 45°, such that the tension 


across it is not the principal tensile stress. 


While the basic behaviour of the beams was 
determined by the presence of the circular web openings, it 
was modified by the use of shear reinforcement. The beams 
failing at the Lowest loads had a very minimal amount of 
Shear reinforcement, which was furthermore confined to the 
posts. The beams failing in flexure contained shear 
reinforcement in the posts which also extended into the more 
critical upper and lower web regions, plus smaller, closely 
Spaced inclined stirrups distributed throughout the upper 
and lower webs in the shear spans. Arrangements of 
reinforcement between these two extremes produced beams 
having strengths between the minimum and maximum strengths 


recorded. 
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CHAPTER VI 


SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 


6.1 Summary 


In this investigation, twelve prestressed concrete 
tee beams containing circular web openings were tested. The 
principal variables included were arrangement of shear 
reinforcement, and loading configuration, although hole size 
and spacing were varied slightly in some of the beams. In 
all cases two equal point loads were positioned 
Symmetrically on the beams at either four or six feet from 
the support centerlines. Flexural reinforcement was the same 
in all beams, consisting of eight #3 bars distributed 
throughout the section, and five 3/8 inch diameter 250K 
prestressing strands. Shear reinforcement consisted of 
various combinations of full-depth #3 "U" stirrups placed at 
90°, 60°, or 45°, and #2 closed stirrups in the upper and 
lower web regions placed at 45°. The concrete section used 
was of a depth of 20 inches with a 2-inch by 20-inch flange. 
The openings had diameters of 8 or 10 inches, and were 


spaced regularly at 16 or 20 inches. 


The behaviour of the beams is discussed with 
respect to visual observation and measurements of 
deflection, reinforcement strain, and concrete strain. Each 


beam is classified by failure type into the categories of 
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shear, shear-compression, or flexural to facilitate 


evaluation of the various shear reinforcement schemes. 


6.2 Conclusions 


The data and observations obtained as a result of 
the twelve beam tests led to the following conclusions: 

a) The behaviour of the twelve beams with circular web 
openings was Similar in some respects to the behaviour 
eebabited by the beams tested by Le Blanc3) Linder¢*) and 
Sauve(!0) which contained rectangular and parallelogram 
shaped openings. 

i) The presence of web openings in regions of high 

shear force tended to make the beams more susceptible to 

shear failure than similar beams without openings would 
have been. 

ii) The openings decreased flexural stiffness, but in 

cases where shear reinforcement was sufficient to 

prevent a shear failure, they had no detrimental effect 
on the ultimate moment capacity of the section. 

b) Geometrically, the effect of the circular web 
openings on the beams was to shorten the posts and the upper 
and lower web regions, and to make them stockier by the 
haunching effect of the curve of the openings. These factors 
contributed to the lack of shear failures in the posts, and 
upper or lower web flexural failures. 

c) Although initial shear cracks developed at hole 


sections along a 45° line through the hole centres, the 
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failure cracks tended to penetrate the upper and lower webs 
at their minimum sections. Strain gauges placed on the 
supplementary shear reinforcement in the upper and lower 
webs suggested that shear stress was high at these minimun 
sections, but also that it decreased significantly away from 
them. Thus, shear reinforcement concentrated at such 
locations would probably be more efficient than if 
distributed evenly throughout the length of the upper and 
lower webs. 

d) The use of supplementary #2 upper and lower web 
stirrups increased the shear capacity of the beams by 
Significant amounts. The magnitude of such strength 
increases was less in cases where the #2 stirrups could not 
be placed at the minimum sections because of the presence of 
full-depth inclined stirrups. 

e) The contribution towards beam shear capacity of the 
full-depth #3 stirrups depended greatly on their slope. 
Those placed at 45° proved most effective due both to their 
efficiency in resisting diagonal tension, and to their 
presence at the minimum upper and lower web sections, made 
possible by their inclination. 

6.3 Recommendations 

a) Different methods of reinforcing the upper and 
lower web should be considered on the basis of bridging the 
minimum sections of these areas. Further test data should be 


collected to aid in the development of deSign procedures for 
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the upper and lower webs above and below circular openings. 
Considering these areas as compression or tension members 
seems a reasonable approach, but further study is needed to 
determine effective shear areas, and the relative amounts of 
shear force taken by then. 

b) Future testing programs should study the shear 
strength of the posts by inducing the occurrence of post 
Shear failures. This could be achieved by reducing the 
Spacing of the openings or the area of shear reinforcement 
provided in the posts. 

c) A test series using the same amount of 
prestressing, but proportioned to fail in flexure by rupture 
of the prestressing strands, should be tested in order to 
allow further comparison with previous tests in which this 
was the normal mode of failure. 

d) Test beams containing two web openings in each 
shear span could be tested with shorter shear spans, to 
study the effects of a post being completely within a shear 
span in a beam with severe shear reinforcement requirements. 

e) To optimize economy and total hole area, 
combinations of different hole shapes could be used. In low 
shear force regions rectangular openings could be used, 
while in high shear areas parallelogram shaped or circular 
openings would be more efficient. In addition, oval shaped 
openings should be tested in an attempt to combine the 


advantages of circular and rectangular openings. 
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APPENDIX A 


MATERIALS, PROCEDURES, AND APPARATUS 


A.1 Materials 


a) Cement 


In order to allow a short curing period, the cement 
used in all of the beams was Type III, high-early strength 


Portland Cement. 


b) Aggregate 


The coarse aggregate used consisted of pea-gravel 
with a maximum Size of 3/8-inch Typical sieve analyses for 
this material and the sand used are shown in Tables A.1 and 
A.2. Both aggregates were obtained from the stockpiles in 
the laboratory, and have been found satisfactory through 


their use in previous tests. 


c) Concrete Mix 


The mix design used by previous investigators(3)(9) 


was repeated in the present series. 
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The proportions comprising this design were, by weight: 


Cement 1.0 
Sand 2.2 
Gravel 1.6 
Water 0.4 to 0.5 


While these proportions were maintained for each batch, 
total batch weights were varied to avoid material wastage. 
The water content of the mix was varied to offset the effect 
of variations in the moisture content of the aggregate so 
that a slump of about 3 inches would result. Workability of 
the fresh concrete was an important consideration due to the 
crowded arrangement of reinforcement in some areas of the 


forms. 


The nominal strength of the cured concrete was 5000 
psi, although the measured strengths ranged from 5300 psi to 
6100 psi. These values were based on the tests of two 
standard cylinders per batch. A third cylinder was cast from 
each batch and tested on its side to obtain the tensile 
splitting strength of the concrete. These values ranged from 
300 psi to 500 psi- Cylinder data for each beam are 


presented in Table A.3 


d) Prestressing Strand 


Each beam contained five seven-wire, 3/8-inch 
diameter strands of grade 250K, complying with ASTM-A-416 


specificaticns. The initial portion of the manufacturer's 
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stress-strain curve is shown in Figure A.1. 


e) Reinforcement 


The non-prestressed longitudinal reinforcement 
consisted of #3 deformed bars having a measured yield stress 
of 55 ksi. The full-depth shear reinforcement consisted of 
#3 deformed bars of the same yield stress bent into a "U0" 
Shape by the supplier. The stirrups placed at 60° were 
produced in the laboratory by re-bending the longer stirrups 


that were proportioned for placement at 45°. 


The smaller upper and lower web stirrups were 
manufactured in the laboratory from #2 smooth bars. As noted 
in the discussion, the steel used for these stirrups was not 
all from the same heat, and had yield strengths of either 44 


ksi or 36 ksi. 


A.2 Procedures _ and Apparatus 


a) Formwork 


The forms used were designed by Linder. They 
consisted of pairs of ten-foot long sections built up from 
1/8-inch plate and small angles, and lined with varnished 
1/2-inch plywood. Small truncated plywood cones were 
attached to the plywood liners with wood-screws and served 
to hold the styrofoam void-forms in position by engaging 


sockets cut into the styrofoam blocks. These cones could be 
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relocated easily without wasting any wood, as_ the 
screw-holes were patched to prevent the seepage of water 
into the form-liners. The forms were bolted together and to 
a steel channel base which formed the bottom surface of the 
web. The proper shape was maintained by pipe clamps holding 
the flange tips at the specified width, and by adjustable 
braces attached to the forms at the flange tips and to the 


loading floor. 


b) Prestressing Procedure 


The shear reinforcement cage was first set up with 
one half of the form in place between the two reinforced 
concrete abutments used to transmit the prestress force to 
the load floor. The prestressing strands were then threaded 
through the abutments, the form bulkheads, the reinforcement 
cages, and steel centre-hole dynamometers, and anchored at 
one abutment with CCL anchoring devices. At the other end 
they were threaded singly through an electrically driven 
hydraulic centre-hole jack. The power to the jack was 
switched off when readings of the strain gauges on the 
dynamometer indicated that the desired level cf prestress 
had been reached. Another anchoring device was then seated 
on the strand against the abutment to allow the removal of 
the jack. When all of the strands had been stressed, the 


rest of the formwork was assembled and adjusted. 
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c) Casting Procedure 


The concrete was mixed in the laboratory in a nine 
cubic foot vertical drum mixer. Three batches were required 
for the longer beams, and two for the shorter ones. The 
concrete was placed carefully using shovels and a_ pencil 
vibrator to avoid any serious honey-combing under the holes 
and under the prestressing strands. Three cylinders were 
cast from each batch using the standard procedures for 


compaction, and then left to set beside the bean. 


After about 18 hours the forms were removed and the 
styrofoam void-forms were punched through the openings. The 
beam, with the cylinders on its flange, was then covered 
with wet burlap and plastic tarps, to minimize shrinkage 
cracking. This condition was maintained for five days, at 
which time the strands were released, and the beam and 
cylinders were stored in the laboratory uncovered until the 


time of the test. 


d) Release of Prestress 


After the five day moist curing period the strands 
were cut at one end of the beam. To avoid possible damage by 
sudden transfer of the prestress force, the strands were 
evenly heated one at a time over a length of about four feet 
with an oxy-acetylene torch, to cause relaxation before 
fracture. This method was apparently effective, as none of 


the beams failed by loss of bond. When all of the strands 
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had been released, they were cut off close to the ends of 


the beam with the torch. 


e) Prestress Losses 


The Demec points used for measuring concrete strain 
during the tests were mounted on the beam at a section near 
centerline shortly after removal of the forms. Readings of 
these were taken before and after release, and just prior to 
testing. Also just before release, a set of readings of the 
strain gauges on the dynamometers was taken to determine the 
strains in the strands after any losses that would occur 
because of the slippage of the anchorage devices. The 
changes in strain were used to calculate prestress losses 
caused by elastic shortening of the beam and inelastic 
effects such as creep and shrinkage of the concrete, and 
relaxation of the steel. These calculated values are shown 


in Table A.4. 


£) Testing Procedure 


Each beam was tested under two point loads applied 
by hydraulic jacks acting in compression above the beam. The 
jacks were mounted on a horizontal distributing beam 
parallel to the test beam, and held above it by two steel 
frames straddling the test beam. The jacks could be moved to 
any location on this distributing beam to accommodate the 


various loading geometries of the beams. Also attached to 
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each of the two frames was a frame of 5-inch channels 
arranged so aS to restrain the flange tips if the beam 


tended to tip sideways. 


Supports for the beam were provided by two steel 
roller-wheeled carts riding on steel baseplates bolted to 
reinforced concrete pedestals. One of these carts was free 
to roll while the other one was restrained by a threaded 


rod, thus simulating a simply supported condition. 


The loads were applied and controlled with an 
Amsler hydraulic pump located next to the test setup. When 
each successive increment of load had been applied, it was 
maintained at a constant level until the beam reached a 
stable equilibrium and all of the readings had been 
recorded. At times it was noticed that the jacks were 
leaning toward the rolling support due to the elongation of 
the bottom fibre. In such cases the position of the fixed 
support was adjusted to minimize this condition ky means of 
the threaded rod. At Large deflections, however, the jacks 
tended to lean excessively towards each other because of the 
shortening of the top fibre. To avoid damage to the jacks it 
was sometimes necessary to carefully remove the load, shim 
the jack heads into new positions on the beam, and then 


re-apply the lcad before continuing. 


Tes os ee 3 

eteassi> domt-2. Bo sonant, *® BBW angen o¥3 043 20 dae _ 7 

uesd oft Bi eqk? comslt O83 nistteet od eB. 08 bopnsame 

eyes ie qiz ot bebnes : 

[este ow? ed habivomg emee ssod eds yo? 99309302 en 
od bodied eotelqecsd feata ao pathis . souep polesdv-10Ll02 
ast 26 e¢zs> seedt Ye end -elssucbeg asoaoage beo1otaie 
fobsoadt s yd bontstzees Say eno taddo ait oelidw Lies .03 
pottibnon bedaoqges yigale © padieipaie eudd shor 


as «vie Bélfexntno> bas Hetiqqs sie" absol odT 
nedW® .qutes J2e03 aft oF Peon betsool gavq ob ivesbyd soleak 
eev 32  bokfqqs osed bed bs0i 20 fasuetmni sviezelIwe dose 
s bedose2 asad ed? Litav fevel 3esten0d & 36 bontssolss 
geod Bed apekbses 949 Yo ifs bap svizdifiupe oldste 
eisw atost odd tsdd beoijon e5n 3i eontt F4 ‘beb10993 
Yo 6—poOteepHOLs sit OF sub Is0qgGue pnifios edd biswos paknest 
hoxit odd 20 nottieog eft aseeo dove at oad. nostod ods 
to ensom yd sokdibaon aidd oxiwiaia o3 bavasths asw $2oqque “ 
2tost oft ,isvowod ~anoktoolteb epusi +A .502 bebseids ond 
edt Yo sausped zedio dogs ebasves ylevieeeoxs aged ot hebnaost 
di etost ¢d¢ oF epemad biovs ‘of .etdkt god, edd 20, pningtiode 
mid2 ,bbolL of% eyowes yifetesso oF yasenspen zonitouoe [sv 
neds bas ,asod of? Ao Ne wea, odgk .absod dost. odd 
«paspaisaco eszoted Bsol adi riggers 
.: aa ue aoett 
an es sie] « oo): (ae 


) , 
Jed ee ih om teeea grit-s! sinbaey 


113 


TABLE A.1 


SIEVE ANALYSIS OF SAND 


ae 
| SIEVE | WEIGHT 1 PERCENT { CUMULATIVE SPATS. Lome | 
{SIZE | RETAINED { RETAINED | PERCENT | STANDARD | 
| | (grams) | { RETAINED { | 
4+——____----4----______} 
{ { | | 

{ #4 | 1325 j 3.0 | 3.0 { 0-5 | 
{ I { : | | 
{ #8 | 85.2 14.7 { The? { = | 
{ I { [ l | 
| #16 { 54.6 j oeo | 27.2 | 20-55 | 
{ { { | { { 
{ #30 { 60.0 | 10.3 | 57.5 ql = { 
| I l l { { 
{ #50 1 208.4 { 3568 | IZ03 { 70-90 | 
{ l ! | | { 
1 #100 jf 122.9 | 24.4 { 94.4 { 90-98 | 
{ { ! { { I 
{ PAN | 17.8 | 3.1 { = I = { 
{ | | { ! | 
{ SILT 14.4 { Aas ] = ! a I 
| | l { { { 
4-4-4 
{ i I l I 

| TOTAL { 580.8 1 100.0 { { | 
! l i { | i 
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TABLE A.2 


SIEVE ANALYSIS OF COARSE AGGREGATE 


CO Hy 
| SIEVE | PERCENT | CUMULATIVE | 
| SIZE | RETAINED | PERCENT { 


I { RETAINED { 
{ | { ees (pert 
{ 374 I 0.0 { 0.0 { 
; | { | 
| 3/78 | Sag { 5.9 { 
{ { { { 
1 #4 { 87.1 { 93.0 { 
| | 1 | 
{| PAN i 7.0 { 100.0 | 
I I | ! 
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TABLE A.3 


SUMMARY OF CONCRETE STRENGTHS 


| BEAM {| MIX NO. | AGE { MEAN CYLINDER | SPLITTING 
! | | (days) | STRENGTH {| STRENGTH 
I ( l | (psi) 1 (psi) 
saat ce oe oe a EY EN 

I { ( I I 

(| AD-1 | 1 { 27 { 5137 { 407 
{ ! Z | f 5429 { 371 
| I 3 { { 5394 | 380 
{ I I { i 

{ AD-2 | 1 { 23 | 5977 { 380 
{ l 2 I I 5924 I 473 
{ { 2 | { 5760 | 508 
I { 4 l | 

| AD-3 | 1 { 23 { 4739 { 398 
| { 2 | | 5977 | 345 
| { 3 | t 6145 { 398 
! t { { { 

{| AD-G {| 1 { Ze | 5553 { 539 
\ ! 2 i f 5146 I 495 
( { 3 { { 5544 | 464 
I f I I i 

| AD-5 | 1 { 34 { 4943 i 451 
| I 2 i I 5933 I 451 
l I { | { 

1 AD-6 | 1 | 30 | 6119 I 464 
{ f 2 I | 5995 { 429 
I { I { f 

{ AD-7 | 1 1 15 i 5491 | 407 
i | 2 | { 5624 ( 371 
| I { { | 

J AD-S | 1 { 20 { 5385 I 371 
{ 2 | | 5447 { 380 
; I { { I 

1 AD-9 | 1 | 29 | 5438 { 424 
{ | ) { { 5464 { 398 
{ { I | | 

{ AD-10 | 1 { 36 | 5460 f 442 
{ | 2 | | 5915 | 469 
I | { I { 

{ AD-11 | 1 | 19 { 5084 { 314 
{ { 2 { { 5562 | 292 
{ | | | | 

{ AD-12 | 1 i 21 { 5800 { 398 
{ { 2 { { 6057 | 442 
f I 1 { l 
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TABLE A.4 


SUMMARY OF PRESTRESS LOSSES 


(i an aera . ts la Milk? tomcat Lt LS le el 
| BEAM {| INITIAL | ELASTIC { TIME | TOTAL | EFFECTIVE | 
| 1 PRESTRESS { LOSS { LOSS { LOSS {| PRESTRESS | 
{ | (ksi) | (ksi) i (ksi) {| (ksi) | (ksi) | 
Ma . fie ee. amare ! 

{ { ! { { 
[AD ai 172.7 i 21508) 2229 |) 43.9) | 128.8 i 
| | { | i | { 
[aAD>Zaenl 172.7 { 19268 Ie 19s2 | 36.8 | 13359 { 
1 ! { y { | { 
i AD-3aea| 172.6 | 162s (e917 sho a 138.4 i 
| { t i | I | 
{| AD-4 | 172.2 i SGe) ee 20 8 eis ek 135.1 | 
{ | 1 { [ I ( 
PeaD=S2r{ 177.4 { coh le 220i 36.1. | 13953 i 
| | | 1 | | | 
| AD-Gyal 17759 f 1S. Get) AS sie ol 140.2 { 
l ! l | I | { 
[eeD—75)\{ 175.8 { USI gel rel Gis Sale 35. Gal 140.4 { 
{ 1 ! { | | | 
1 AD-8 {| 177.0 { 22-0) [oes 2 ei eas052 | 136.8 { 
! ! | { { | | 
| AD=9nas| 176.5 { 19S eS 3m Oats I 134.1 ] 
( | 1 { | I { 
| AD-10 | 176.5 { 2050 Uieezon3 (> 46.3) 130.2 | 
| l { { | { { 
i AD ie 175.9 t LSet th. ORAL Ty see | 142.7 { 
! { ! : | | | 
{| AD-12 | 175.9 17.57 © |eeelGe8 pies 4.5 141.4 { 
{ | I { | I | 
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GRADE 250k 
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FIGURE A.1 
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APPENDIX B 


DATA 


This appendix contains a drawing of each beam 
showing the locations of the shear reinforcement and strain 
gauges, as well as tables of data recorded during the tests. 
For clarity the readings are referenced to zero applied 
load, and are given in the basic units of inches for 
deflection and microinches per inch for strain. Tensile 


strains and downward deflections are noted as positive. 


The electrical strain gauges used had a rated 
resistance of 120 ohms and a gauge factor of 2.02 for those 
placed on the prestressing steel, and 2.095 for those placed 
on non-prestressed reinforcement. The demec points were 
located at 8-inch gauge lengths at or near beam centerline 


as depicted in Figure 3.4. 
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TABLE B.1.1.1 


STRAIN GAUGE DATA BEAM AD-1 


-—----- +r -- - re -- - 8) > r--- 


| LOAD ) 2) t8# @ G& &@) fH (4%) « 
{| (kips) | I | 1 i 
$—-—_—___--4-______4--___+—_____+—_—__+1 
{ | { I { i 
1 of0 4 o4 oy 0 | a | 
| 130 4 4O | Mey 7 35 | 2out 
{ 2.0 | 80 | 75 | 65 | 50 | 
| 3.0 | 110 | 110 | 100 4 70 | 
| 4.0 | 150 | 145 | 130 | 90 | 
| 520 4 185 | 180 | 160 | 110 | 
| 6.0 | 230 | 220 | 200 | 135 } 
{ 7.0 | 280 4 270 | 245 | 160 | 
{ 8.0 | 325 4 315 { 285 | 185 | 
{ 9.0 | 385 | 365 | 340 | 215 | 
b.01020 4 465 | 435 | 410 | 245 | 
RG1ii0 || 625 | 535 | 525 | 285 | 
#81220 +4 860 | 875 | 750 | 330 | 
f.01350 $9810759(951185 | 925 | 390 | 
(91355 (9512201(9751250 1951015 | 435 | 
PhO1480 8 198135599901365 9051720 1 530 | 
1 14.5 4 1490 | 1470 | +1200 4 700 | 
1 15.0 | 1620 4 1590 4 1290 4 475.4 
0.315935 9851770%19991720 F951380 | 880 | 
1 16.0 {4 1890 {| 1835 | 1460 | 955 | 
{ 16.5 | 2040 ¢ 1955 4¢ 1560 { 1030 | 
P.01720 179216579752065 #291650 | 6111094 
1.81725 $952315%1102195 7301755 | 0129014 
0.61830 929245079652320 (351855 | 012757] 
{1 18.5 {| 2650 | 2480 | 2000 | 1365 | 
i 19.0 | i I | | 
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TABLE B.1.1.2 


STRAIN GAUGE DATA BEAM AD-1 


Ce ear See ieee eee a | 
| LOAD & (5) Nb () 8 @ «bh Cy Hh @w 1 
| (kips) | | | | 
i Sc ae a ee ee 
{ 
| 0.0 | 0 | 0 | am | 0 | 0 | 
{ VO -5 | 15 | 5 | 0 | 5 | 
| 2<0-—| -10 | 30 | i Dil 10 | 
{ Sek OY -15 |{ 90 | 5 | 0 | 10 | 
{ 4.0 | -15 | 195 | 10 | 0 | 20 | 
| 5.0) | -30 | 335 | 25 | 0>{ 40 | 
| 65.0) | -45 | 430 | 35) | (a 60 | 
| TO | -60 | 580 | 50 | -5 | 145 | 
{ 8.0 | -70 | 680 | 50 | -5 | 190 | 
{ 9.0) § -80 | 780 | 65 | -5 | 300 | 
ii 10.2.0) -80 | 880 | 70 { -5 { 345 | 
if 17%.0) 7 -70 | 970 | 70 | -5 | 545 | 
{f 124.0) 4 -50 4 1005 | 75 { -5 | 640 | 
i 13%.03 “4 -15 | 1015 | 90 | -5 | 740 | 
uh ew | 35 | 1015 | 95 | -5 | 775) | 
(} THL.0 j 205) {f 1020) | 105 | -5 | 830 | 
ne sy | 570 | 1035 | 110 | 0 | 850 | 
i) «615L.07 | { 620 { 1035 | 110 | 0 | 890 | 
ho 15.5 655 | 1045 | 115 | Ont 925 | 
fi 61.0) | 690 4 1050 | 120 | 0 4 960 | 
i 6.5 | 740 4 1055 1 125 | 0 4 1000 | 
i 15..00° | 770 | 1075 4 125) | 0 4 1040 | 
ho 6.5) 795 4 1110 | 130 | 0 4 1060 4 
1 18.0 4 825 | 1165 | 135 | Op 1125) | 
fh 8.5 || 870 | 1215 | 140 | O 4 1180 4 
f w.o | ! 1 { 1 1265 4 
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TABLE B.1.2.1 


DEMEC POINT STRAIN DATA (WEB) BEAM AD-1 


UF ho nh Siri are Pea SSee a [CGS SSeS SO 
| LOAD ' -) dy °@) @) GC) ey a) 5) 
i (kips) | i i { i i 
t-—---—_---—_—_---___-—_____-—____4--___4 
I i I i { | i 
| BeT. { 1744 | 1558 4 1098 | 182 619 | 
1 A-T. { 862 4 804 | 666 | 1 4414 
[---_---—-4------4-_-____-4---__-_- 4. ~-____4------ 
! i I i I t i 
| 0.0 | 0 | 0 | Ont 1 0 | 
1 @.0 #4 49 | 49 | 29 | 199 £10 | 
[ 2.0 21 88 | 69 | 49 | {1  -20 4 
{ 3.0 340 947-108 910-3 88 | 1-10 | 
{ 8.0 $40 § 176-487 447-4 98 | {| -39 | 
1, 5.0 $40 ©225-176 476-176 9094] 186 +39 | 
i 6.0 610) 265-406 235-416 137-9 1a5 +20 | 
{ 7.0 740 343-(85 265-955 457%] 1 -49 | 
[ 68.0 840 831-174 333-396 196+ 1 -49 | 
i 9.0 4 519 4 3824 196 4 i -69 | 
| 10.0919)0° 647-963°570-963 245-3 { -78 | 
{ 19.0990 892-402° 609-421 ge4e4 1-69 | 
{ 12.09240. 1196-61 613-470 314-4 { 69 | 
| 18.09340 1870-$101029-419 4at>} 1 -39 4 
1 13.5 4 1637 | 1117 | 480 | 1-49 | 
1 14.0 4 1813 | 1274 4 559 4 i -39 4 
{ 14.5 | 1960 | 1392 | 608 | 1 -49 | 
1 15.0 | 2107 | 1490 | 666 { 495 +29 | 
{ 15.5 {| 2264 | 1627 4 755 { { -29 | 
i 16.09610 24116§961745-496 813°7 1 -29 | 
{ 16.51619 2577-1251872-125 972°] 1 -20 | 
| 17.0 4 2744 4 1980 | 941 | 1-10 4 
{ 17.5 { 2920 | 2146 | 1009 | Oo | 
{| 18.0 {| 3067 | 2264 | 1068 | i 20 | 
{ 18.5 | 3273 | 2430 | 1137 | Wt 129 | 
1 19.0 | i { { i i 
Se Fe 
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TABLE B.1.2.2 


DEMEC POINT STRAIN DATA (FLANGE) BEAM AD-1 


PAs Pee RS a fo EE Pee Se] Fe | 
| LOAD 1 -9(5) eee (2) ie (8) ele (9)>. 
! (kips) | | { { { 


Ciage Timmer oe gas 
| 
Baler 431 | 470 | 402 | 382° { 


i 

i 

Pose Op pel Sep ER Pee 
t-—--_—_—___+-_____+-_—___—_+__________ 
{ | bay ! I I 
[1202 Onan o | Oo | 0 | Oo | 
Pees EO) STR Sith yt,  Srcian 
|. 3200 Wie 698 ee 78 er 7e4j. 78 | 
{ 3200p) —108sie—11989]. 2-118 | - =118°4 
{ “850 fy 1078 [ee 4570 (0107) |) 157 | 
1 5.0 008-1765 (ee -176 1) 186 4-186 | 
1 6.0 { -206 { -216 | -225 | -225 | 
i 7.0 4 -245 | -255 4 -255 4 -265 | 
{ 8.0 |{ -274 | -294 4 -294 | -294 4 
i 920° § -314 | -333°| °-333 | —343 | 
} 10.0 | -363 | -363 | -382 | -382 } 
(. T1200 I —802ei) = 8910 =831. 431 | 
1 12.0 4 -861 4 -470 4 -500 {| -500 | 
{ 13.0 | -510 | -519 | -539 | -559 | 
i 1365 | -589 4 -549 | -568 | -588 | 
i 14.0 4 -578 {| -578 4 -598 | -627 | 
1 4.5 {| -608 | -598 | -627 { -657 | 
| 15.0 | -637 { -598 | -666 {| -696 | 
| 15.5 | -666 { -666 | -696 {| -725 | 
1 16.0 | -696 4 -696 | -715 | -755 | 
| 16.5 { -725 {| -725 | -745 | -794 | 
[ W7c0mele 755. 1y 73591) -764 (° -823 1 
{- 17.5 {| -784 { -774 | -8045 | -853 | 
{ 18.0 | -813 {| -794 | -833 1 —-8B82 | 
{ 18.5 {| -853 {| -833 | -862 4 -911 | 
{ 19.0 | l ! { I 
[ ee eS be ee SS ee eee be Se eee ee | 
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A.T. AFTER TRANSFER 
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TABLE B.1.3 


DEFLECTION DATA BEAM AD-1 


crn 


| NORTH { CENTRE { SOUTH 


| LOAD 


(in) 


(in) 


(in) 


(kips) | 
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TABLE B.2.1.1 


STRAIN GAUGE DATA BEAM AD-2 


ene neta < oT ee ent ee hl Ree 
| LOAD ft (1) § (2) 4 (3) fF (a) ft 
| (kips) | l 

--4+___---+} 
I I 
{ 0.0 | 0 | On| oO { On; 
i 1.0 Jf 25 |{ 30 { 205] ace | 
| 220 f Suap | 55-1 45 | 30 | 
I 3.0 jf 90 | 95 | 70 | 50 | 
| 4.0 | 125°} 130 | 100 | 65.1 
{ s20 160 | 165 | 130 | 85 | 
| 620° 4 200 { 205 | 160 { 100 | 
| 720° | 240 4 245 | 190 | 120 | 
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APPENDIX C 


DESIGN EXAMPLES AND NOTATION 


C.1 Material and Section Properties 
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C.2 Maximum Concrete Stresses at Transfer 


Top at a support: 


fck=s Pike) PL Mrg-yt) yt 
Ag Ig 


= -0.358 ksi (tension) 


Top at centerline: 


Ig 


fc 


-0.243 ksi (tension) 


Bottom at a support: 


ECR Se erie SEL (d= yt) ype 
Ag Ig 


2.291 ksi (compression) 


Bottom at centerline: 


2.291 - _Mdl_yb_ 
Ig 


1e(e 


2.092 ksi (compression) 


The allowable concrete stresses at transfer by the 


ACI 318-71 Code, Section 18.4, are: 


i) 


compression = 0.6 f'ci 2400 psi 


tension 3(f'ci)®-S = 190 psi 
Because the allowable tensile stress is exceeded, 


reinforcement must be provided to resist the net tensile 


force on the sections 
T = 9.1 kips 


Steel Area required = 9.1/fy = 0.23 in? 
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Four #3 bars in the flange provide an area of: 


4(0.11) = 0.44 in2 


The concrete stress in the bottom fibre of the beam 


can be expressed as: 


Or, rearranging the terms: 


Mw 
Ag yb 


Pe | Toone 


$053 Vits) eros 
yb 


= 662.8 — 361.7 fc 


Thus for a maximum 


0 o Mw 
-424.3 psi, Mw 
= T3053) Dogan Ww 


Ultimate Moment 


tensile stress at a working load of: 


" 


662.8 in kips 
816.3 in kips (Section 18.4.2(b)) 
854.6 in kips (modulus of rupture) 


969.7 in kips (Section 18.4.2(c)) 


fps = fpu - _0.5_ Aps fpu2_ 
Cc 


246.9 ksi 


Psu Aps fps 


98.8 kips 
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Assuming that the longitudinal reinforcement at depths of 19 
and 2.5 inches yields in tension, the total tensile force 
is: 


T = 98.8 + 0.44 fy 


116.4 kips 


Thus the depth of the equivalent rectangular stress block 


a = iat 5 4 
0.85 b £'c 


Yosh) abl 


iT} 


and the ultimate flexural capacity by the ACI 318-71 Code 
(assuming a capacity reduction factor of unity) is: 
Mos = -Ps) dj} + 0. 22?cfiy POLS 4412.8) - T a/2 


= 1690.3 in kips 


In addition to the equations prescribed by the ACI 
318-71 Code for estimating ultimate flexural capacity, 
strain-compatability analyses were done on each of the beams 
using, for the most part, measured material properties 
rather than the design values. The stress-strain 
relationship of the prestressing strand was assumed to be 
bi-linear, with the inelastic portion extended to 281.25 ksi 
at 4% strain. Thus the total prestressing force could be 
expressed as: 

Fs = 101.23 + 2.2555 (estee) 

where ee is the effective strain in the prestressing strand 


(in percent) given by: 
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and es is the estimate of the difference between ee and the 


strain in the strand at ultimate load. 


Using the measured value of fy = 55 ksi, the force 
in the longitudinal reinforcement at different depths in the 


beam was also expressed in terms of es: 


d 


with a maximum of A fy. Finally the equivalent rectangular 


stress block parameters were also described: 


Oho RAGS Us We 
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Ge -079S.f" cZ(0385 —- 0.005 (£°c = 4)) cb 
= §=33945_ (for Beam AD-1) 
0.3+es 


af/2 = c (0.85 - 0.005(f'c - 4))/2 


= 1.884 (for Beam AD-1) 
0.3+eS 


A Sample set of calculation results follows for 


Beam AD-1: 
Pe = 51.898 kips, ee = 0.45% 
ftc = Bes) lesal 


assume es = 2.63%: 


Fs = 108.18 kips 
F(19) = 12.1 kips 
P(2.5) = 9.76 kips 
F (1) = -14.45 kips (compression) 
c = -115.87 kips 


Sum of axial forces = 0.28 kips 
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#19 (12.1) #16 (108.18) 


1896.2 in kips 


A third estimate of the ultimate moment capacity of 
the beams is a simplification of the strain compatability 
method. assume: 

fps = 275 ksi 
f'c = 5 ksi 
and considering only the reinforcement below the 


prestressing strands: 


Fs = 0.4 (275) 
= 110 kips 
F(19) = 12.1 kips (assume yielded) 
fee = -122.1 kips 
a/2 = 


nS a ees 8 
2:t(0uN85S.86'c) b 
= 0.718 in 


mu = -0.718 (122.1) #16 (110) #19 (12.1) 


1902.2 in kips 


C.5 Shear Reinforcement 


For a beam with a 16 foot span and 4 foot shear 
spans: 
Mdl = 46 in kips (moment at centerline) 


Pu = _{Mu_-_Md1)_ 
4 (12) 


34.25 kips 
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The critical section for shear stress is just outside the 
load point where: 


Vu 


34.25 + 4 (0.12) 


= 34.73 kips 


Mu = 1678.6 in kips 
By Section 11.5.1 the nominal shear stress carried by the 


concrete is: 


ve = 0.6 (70.71) + (34.73) 16 
16 78. 6 


= 274.2 psi 
Assuming a capacity reduction factor of unity: 


vu - ve = _34730 _ - 274.2 
4 (16) 


268.5 psi 
Using #3 double leg stirrups, the required spacing at the 


critical section is: 


Sa) ) SAvelywe 2 
(vu - vc) bw 


8.2 in 


Shear reinforcement calculations were also carried 
out at other sections of beams of both lengths by the method 
illustrated here, and also using the provision of a higher 
value of vc allowed under Section 11.5.2. The results of 
these calculations suggested that vertical stirrups spaced 
at 10 and 15 inches would be acceptable in the shear spans 


of the 16 fcot and 20 foot beams respectively. 


Because of the lack of information about shear 
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reinforcement requirements in the presence of circular web 
openings the proportioning of stirrups in the test beams a4 
done on an intuitive basis. By placing two, three or four 
stirrups in all posts in the shear spans, average spacing 
values of less than the design values were maintained, 
although it was understood that this was not a rationally 


complete approach. 


Tentative calculations for the proportioning of 
upper and lower web stirrups were carried out assuming a net 
section approach and then that the upper and lower webs 
acted as compression and tension members respectively. This 
last method seemed the most rational although the values 
used were so arbitrary and indefinite that no further 
conclusion could be made. The small size of the upper and 
lower web sections had a more direct effect on the stirrup 
spacing chosen as it reduced the maximum Spacing to the same 
order of magnitude as the minimum spacing based on ease of 


concrete placement. 


C.6 Notation 


Ag = area of the gross concrete section 

Aps = total area of prestressing strand 

Av = area of one stirrup 

a = depth of equivalent rectangular stress block 
b = width of compression face (flange) 


bw = thickness of web 
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Cc = total compressive force in equivalent rectangular 


stress block 


c = depth to a fibre of zero stress 

d = depth of centroid of prestressing strands 

E = elastic modulus of non-prestressed reinforcement 
Eps = elastic modulus of prestressing strands 

ee = strain in prestressing strand corresponding to 


effective prestress 
es = difference between es and strand strain at 


ultimate load 


Fs = total force in prestressing strand 

F(x) = force in non-prestressed reinforcement located at 
depth x 

fc = general term for concrete stress 

f'c = compressive strength of concrete 

f*ci = compressive strength of concrete at transfer 

fe = effective prestress after losses 

£2. = initial prestress after transfer 

fps = calculated stress in prestressing strand 
at design load 

fpu = ultimate strength of prestressing strand 

fy = specified yield strength of ncn-prestressed 
reinforcement 

Ig = moment of inertia of gross concrete section 


Mdl = maximum moment induced by beam self-weight 
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ultimate flexural capacity of a section or moment 
at a section in a beam supporting its ultimate 
load 

Working load moment 

effective prestress force after losses 

initial prestress force after transfer 

force in prestressing strands corresponding to 
fps 

ultimate jack load 

Spacing of shear reinforcement stirrups 

net tensile force on an uncracked gross section 
at transfer 

shear force at a section in a beam supporting its 
ultimate load 

nominal permissable shear stress carried by 
concrete 

nominal total shear stress corresponding to Vu 
weight of a one-foot length of beam 

distance to bottom fibre from neutral axis of 
gross concrete section 

distance to top fibre from neutral axis of gross 


concrete section 
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